Ezrin is an actin binding protein which cross-links membrane proteins with cytoskeleton directly or indirectly via PDZ domain-containing scaffold proteins. It is mainly expressed at the brush border membrane (BBM) of gastrointestinal tracts, and is involved in the construction of microvilli structure and the functional expression of membrane protein complexes at the cell surface. To precisely study the roles of ezrin on the expression of membrane proteins at the cell surface, here we prepared the BBM fractions of ileums from the wild-type and ezrin-knockdown (Vil2 kd/kd ) mice, analyzed them by mass spectrometry, and compared their proteomic patterns. Totally 313 proteins were identified in the BBM fractions. Several transport proteins, cytoskeleton-associated proteins, and trafficking proteins were up-or down-regulated in the BBM fraction of the ileum in the Vil2 kd/kd mice. Among them, the expressions of i) Na + /H + exchanger regulatory factor 1 (a PDZ domain-containing scaffold protein), ii) sodium monocarboxylate transporter 1, which contains a PDZ domain-binding motif at their carboxy-terminal, and iii) chloride intracellular channel protein 5 were down-regulated at the BBM fraction of the ileum in the Vil2 kd/kd mice, suggesting that ezrin is involved in their expression in the BBM.
The ERM proteins (Ezrin/Radixin/Moesin) are actin binding proteins which cross-link membrane proteins with cytoskeleton directly or indirectly via the PSD-95/Discs-large/ZO-1 (PDZ) domain-containing scaffold proteins such as Na + /H + exchanger regulatory factors (NHERF) 1 or 2 (6, 38) . They regulate scaffolding, forming, and fixing functional protein complexes on the plasma membrane (6, 14) . Among the ERM proteins, ezrin is predominantly expressed on the brush border membrane (BBM) of stomach, small intestine and renal proximal tubules, and regulates the functional expression of membrane transporters at the epithelial cell surface and construction of microvilli structure (16) . Functional roles of ezrin in vivo had been studied using knockout (Vil2 −/− ) mice. The Vil2 −/− mice did not survive past weaning, however, the small intestine of neonatal Vil2 −/− mouse retained microvilli structure and epithelial polarity, suggesting that ezrin is not required for the formation of brush border microvilli nor for the establishment or maintenance of epithelial polarity (33) . On the other hand, the same group reported that ezrin is important for intestinal development and homeostasis especially in villus morphogenesis and maintenance by use of conditional knockout mice of Vil2 gene (7) . Independently, Tamura et al. (37) prepared ezrin knock-
MATERIALS AND METHODS
Generation of Vil2 kd/kd mice. Vil2 kd/kd mice were kind gifts from Professor Tsukita of the Graduate School of Frontier Biosciences, Osaka University. Up to the weaning period, mortality of the mice was very high, as reported elsewhere (37) . However, technical improvement of our handling and feeding methods successfully reduced mortality at 50 days after birth from 93% to 80%, which enabled us to study the phenotypes of adult mutant mice (43) . Genotyping of mice was performed by PCR of mouse tail genomic DNA, by using a combination of primers specific for the wild-type allele and for the targeted allele. The forward and reverse primers for the wildtype allele were 5'-GTGTGGCACTCTGCCTTC AAG-3' and 5'-CATGGTGCCACACAGGACTC-3', respectively. The reverse primer for the targeted allele was 5'-AGCGGATCTCAAACTCTCCTC-3'. The mRNA expression levels of ezrin in the ileum segment of Vil2 kd/kd mice was 2% compared with that of wild-type mice (data not shown).
Antibodies. Anti-ezrin (#3145) (polyclonal), anti-ERM (#3142), and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (14C10) antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-ezrin (3C12) antibody (monoclonal) was purchased from Acris Antibody (Hiddenhausen, Germany). Anti-radixin (ab52495) and anti-NHERF1 (ab3452) antibodies were purchased from Abcam (Cambridge, UK). Anti-Na + , K + -ATPase α-subunit (C464.6), anti-villin (C- 19) , and anti-β-actin (AC-15) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-sodium monocarboxylate transporter 1 (SMCT1) (SLC5A8) antibody was purchased from Biorbyt (Cambridge, UK). Anti-protein disulfide-isomerase (PDI) (1D3) antibody was purchased from Enzo Life Sciences (New York, USA). Anti-CLIC5 antibody was purchased from Alomone Labs (Jerusalem, Israel). Anti-moesin antibody was a kind gift from Professor Tsukita of the Graduate School of Frontier Biosciences, Osaka University.
Histochemical studies. Small intestines of 8-weeks old female mice were flushed with cold saline, and the small intestines were dissected into three segments: duodenum, jejunum, and ileum. Duodenum was collected as a segment 5 cm under the stomach. Jejunum was collected as a segment 10 cm in length following the duodenum. Ileum was collected as a segment 10 cm above the cecum. They were opened down (Vil2 kd/kd ) mice in which expression level of ezrin was decreased to <5% compared with the wild-type mice. The Vil2 kd/kd mice exhibited growth retardation and high mortality up to their weaning period. The grown-up Vil2 kd/kd mice suffered from achlorhydria because of impairment of secretagoguestimulated membrane fusion of tubulovesicles with apical plasma membranes in parietal cells, with their structure of gastric glands being changed (37, 43) . On the other hand, the mice contained apparently normal microvilli structure in the small intestine under the electron microscopy (37) . Recently, we reported that apical cell surface expression of a sodium phosphate co-transporter, Npt2a was impaired in the renal proximal tubules of Vil2 kd/kd mice although the tubule retained normal microvilli structure under the electron microscopy. The impairment of cell surface expression of Npt2a resulted in hypophosphatemia and loss of phosphate in urine (16) . We also newly reported that apical cell surface expression and protein kinase A-mediated activation of cystic fibrosis transmembrane conductance regulator (CFTR) together with an anion exchanger 2 and aquaporin 1 were impaired in the bile ductal cholangiocytes of Vil2 kd/kd mice, which resulted in reduced bile flow and intrahepatic cholestasis (17) . These results suggest that ezrin plays important roles on cell surface expression of functional membrane transporter complexes in vivo. However, comprehensive analysis of proteins which are down-or up-regulated in the presence or absence of ezrin has not been reported yet.
Recently, comprehensive analysis of proteins expressed on the isolated plasma membrane has been performed by proteomic studies by use of mass spectrometry. Such proteomic analysis was carried out for isolated apical and basolateral membrane vesicles from renal cortex and collecting ducts (9, 44) . Donowitz et al. reported the proteome of the mouse jejunal brush border membrane vesicles (BBMVs) (10) . Quantitative proteomic studies were also performed with the BBMVs purified from the small intestines of NHERF1 and NHERF2 knockout mice (11, 12) . In these studies, NHERF1 and 2 were found to regulate the expression of transport proteins, signaling proteins, trafficking proteins, and proteins involved in proliferation, cell division and cell adhesion. On the other hand, there has been no report for quantitative proteomic analysis of the BBM prepared from Vil2 kd/kd mouse intestines. In this study, we prepared the BBM fraction from the ileum segments of wild-type and Vil2 kd/kd mice, and compared their quantitative proteomic patterns. for 15 min at 4°C, and the supernatant was collected and stocked as a total tissue lysate at −80°C. The total lysate was centrifuged at 8,000 × g for 15 min at 4°C, and the supernatant was centrifuged at 100,000 × g for 90 min at 4°C. The pellet (as a crude membrane fraction) was re-suspended in a suspending buffer solution containing 150 mM D-mannitol, 2.5 mM EGTA, 6 mM Tris-HCl (pH 7.1), and suspended through a 25 G needle. CaCl 2 solution (1 M) was added to the suspension to give a final concentration of 10 mM, and the suspension was kept on ice for 15 min, followed by centrifugation at 3,000 × g for 15 min at 4°C. The pellet was re-suspended in the suspending buffer solution and stored at −80°C as the basolateral membrane-rich fraction. The supernatant was centrifuged at 100,000 × g for 30 min at 4°C, and the pellet was re-suspended in the suspending buffer solution as the BBM fraction.
Characterization of BBM fraction by enrichment of marker enzymes. BBM purification was assessed by abundance of marker proteins of each subcellular compartments; villin, Na + , K + -ATPase α-subunit, PDI, and GAPDH as markers for BBM, basolateral membrane (BLM), ER, and cytosol, respectively.
In solution digestion and TMT labeling for MS analysis. The BBM fraction solubilized in a 100 mM ammonium bicarbonate solution containing 12 mM sodium deoxycholate and 12 mM sodium N-lauroyl sarcosinate was digested with trypsin (Proteomics grade; Roche Life Science, Switzerland). Tryptic digests were treated according to the Phase-transfer surfactants (PTS) protocol (26) and desalted using C18-StageTips (31) . Briefly, membrane proteins were reduced with 10 mM dithiothreitol for 30 min at 55°C, alkylated with 60 mM iodoacetamide for 30 min at room temperature, and digested with 1 : 20 (w/w) trypsin for 16 h at 37°C. An equal volume of an organic solvent, ethyl acetate, was added to digested samples, and the mixtures were acidified by 1% trifluoroacetic acid, and vortexed to transfer detergents to the organic phase. After centrifugation, the aqueous phase containing peptides was collected and desalted using C18-StageTips. The tryptic peptides were labeled with Tandem Mass TagTM (TMT) Reagents (Thermo Fischer Scientific, Bremen, Germany) following the manufacturer's instruction. Labeled peptide sample was fractionated by SDB-StageTips with reversed-phase in basic pH (31) , and fractionates were cleaned-up and concentrated with C18-StageTips. lengthwise, and were fixed in a paraformaldehydebased fixing solution overnight at 4°C, embedded in paraffin and cut into 1-2 μm-thick sections. Deparaffined and rehydrated slices were subjected to hematoxylin and eosin (HE) staining. HE slides were scanned using the NanoZoomer digital scanner (Hamamatsu Photonics, Shizuoka, Japan). Numbers of villi per 1 mm length were counted from HE digital images. The average numbers of villi were determined by counting 3-5 fields from three 8-weeks old female mice of each genotype (littermates). Length of villi and depth of crypt were computed from HE digital images using NDP.view software (Hamamatsu Photonics). The average length of villi and depth of crypts were determined by measuring at least 10 villi and 10 crypts from three mice of each genotype (littermates).
Immunofluorescence microscopy. Tissue samples of 8-weeks old female mice were prepared, fixed, embedded, sliced and deparaffined as reported in the section of histochemical studies. Deparaffined and rehydrated slices were subjected to antigen retrieval by boiling for 45 min in the Immunosaver (Nisshin EM, Tokyo, Japan), followed by treatment with 10% goat serum for 30 min at room temperature. Slides were washed in PBS, and then sections were incubated with primary antibodies overnight at 4°C. Slides were washed with PBS containing 0.03% Tween 20 (PBS-T), and then incubated with Alexa Fluor 488-labeled goat anti-mouse IgG (H+L), Alexa Fluor 594-labeled goat anti-rabbit IgG (H+L), and 1 μg/mL 4',6-diamidino-2-phenylindole (DAPI) for at room temperature for 1 h. After washed with PBS-T, the sections were mounted with fluorescent mounting medium (VECTASHIELD, Vector Laboratories Inc., CA) and examined using a confocal laser scanning microscope (FV-1000D IX-81; Olympus, Tokyo, Japan).
Preparation of BBM fractions. The BBM fractions were prepared as described previously with some modifications (36) . Small intestines of 8-weeks old female mice were flushed with cold PBS, and the small intestines were dissected into three segments: duodenum, jejunum, and ileum. The small intestinal mucosa was gently scraped off with a coverslip and homogenized in a homogenizing buffer solution containing 300 mM D-mannitol, 5 mM ethylene glycol tetraacetic acid (EGTA), 12 mM Tris-HCl (pH 7.1) with protease inhibitors with a Polytron homogenizer (Kinematica AG) at the maximum speed for 1 min. The homogenate was centrifuged at 3,000 × g satory up-regulation of radixin and moesin in the ileum of Vil2 kd/kd mouse.
Effects of ezrin knockdown on mouse intestinal structure
Next, we studied the effects of ezrin knockdown on the structure of small intestine because villus morphogenesis and maintenance were impaired in the ezrin knockout (Vil2 −/− ) mice (7) . The whole length of small intestine of Vil2 kd/kd mice was not significantly different from that of wild-type mice (29.3 ± 0.9 cm and 31.5 ± 0.9 cm for wild-type and Vil2 kd/kd 8 weeks-old female mice, respectively). Among the small intestinal segments, the structure of Vil2 kd/kd mouse ileum was comparable with that of wild-type mouse ileum (Fig. 2 ). We measured the number and height of villus, and crypt depth of three 8 weeks-old female littermate mice as described in the MATERI-ALS AND METHODS. There was no significant difference in the number of villus (9.8 ± 1.0 and 9.4 ± 0.7 for wild-type and Vil2 kd/kd mice, respectively), height of villus (152 ± 14 μm vs. 188 ± 6 μm), and crypt depth (59 ± 5 μm vs. 66 ± 1 μm) between the wild-type and Vil2 kd/kd mice. Therefore, we prepared the BBM fraction from the ileum segments of Vil2 kd/kd and wild-type littermate mice, and compared their quantitative proteomic patterns.
Validation of BBM fraction
Validation of the BBM preparation was performed by western blotting with antibodies which specifically detect proteins in each organelle and specific membrane domains (Fig. 3 ). The total tissue lysate and BBM fractions were prepared from the Vil2 kd/kd and wild-type littermate mouse ileums, and enrichment of specific proteins was estimated. Villin, a marker of BBM, was abundant in the BBM fraction compared with the total lysate. Conversely, PDI and GAPDH, which are markers for ER and cytosol, respectively, were not observed in the BBM fraction. Na + , K + -ATPase α-subunit, a marker of BLM, was not detectable in the BBM fraction of the wild-type mouse ileum whereas a faint band of Na + , K + -ATPase α-subunit appeared in the BBM fraction of the Vil2 kd/kd mouse ileum. Na + , K + -ATPase α-subunit was more enriched in the different BLM-rich fraction rather than the BBM fraction both in the wild-type and Vil2 kd/kd mouse ileums (data not shown).
MS analysis
Totally 313 proteins in three of three independent preparations from the ileum BBM fractions of the wild-type mice were identified, which included cy-Protein identification and quantification by NanoLC-MS/MS with reverse phase. Each fractionated peptide prepared above was injected into a trap column (C18, 0.3 × 5 mm; L-column, Chemicals Evaluation and Research Institute, Tokyo, Japan), and an analytical column (C18, 0.075 × 120 mm; Nikkyo Technos, Tokyo, Japan), which was attached to NanoLC-MS/ MS system. NanoLC-MS/MS analysis was conducted by an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific) equipped with a nanoLC interface (KYA, Tokyo, Japan) and a nanoHPLC system DiNa (KYA). Purified peptides were introduced from NanoLC to the LTQ Orbitrap Velos, a hybrid ion-trap Fourier transform mass spectrometer. Full MS and MS/MS scans were followed by higher energy collisionally activated dissociation (HCD). The database search engine; Proteome Discoverer 1.4 (Thermo Scientific) and MASCOT 2.4 (Matrix Science) were used to identify and quantify proteins from the MS, MS/MS, and reporter ion spectra of peptides. Peptide mass data were matched by searching UniprotKB/Swiss-prot release 2015_07 (24-Jun-15) database. False discovery rate (FDR) (40) was calculated by enabling peptide sequence analysis using Percolator (19) . High confidence peptide identification was obtained by setting a target FDR threshold of ≤1.0% at the peptide level.
RESULTS

Expression of ERM proteins in the mouse small intestine
First, we compared the expression of each ERM protein in the ileum of the wild-type and Vil2 kd/kd mice by immunofluorescence and western blotting. All three ERM proteins were expressed in the ileum, however, their location was quite different between them. Ezrin was highly enriched in the brush border of villus epithelial cells. On the other hand, moesin and radixin were not found in the brush border of the epithelial cells, rather they were mainly found in endothelial cells (Fig. 1A, B ). Immunofluorescence performed in the absence of primary antibody showed very low level of background fluorescence (data not shown), which suggested that the patterns shown in Fig. 1A and B were specific. Fig. 1C shows the western blotting pattern of total tissue lysate of the ileum from the wild-type and Vil2 kd/kd mice with an anti-ERM antibody which can detect all three ERM proteins. The results indicate that the expression of ezrin is much higher than that of radixin and moesin in the ileum in the wild-type. Ezrin was not detected in the Vil2 kd/kd mice. There was no compen- Fig. 1 (A, B) Immunofluoresence observation of the ileum sections of wildtype and Vil2 kd/kd mice with the anti-ezrin (red) and anti-moesin antibodies (green) (A), and with the anti-ezrin (green) and anti-radixin antibodies (red) (B). Merge patterns were also presented. Scale bars, 100 μm. The expression pattern of ezrin was different from that of radixin and moesin in the ileum. In addition, neither moesin nor radixin compensated the loss of ezrin in the Vil2 kd/kd mouse ileum. (C) Western blots of 10 μg tissue lysate of the wild-type and Vil2 kd/kd mouse ileum with the anti-ERM antibody. The ileum expresses all three ERM proteins with the expression of ezrin being highest.
toskeleton-associated proteins (54 proteins: 17.3%), transporters (32 proteins: 10.2%), signaling proteins (23 proteins: 7.3%), nuclear proteins (18 proteins: 5.8%), trafficking proteins (22 proteins: 7.0%), enzymes (87 proteins: 27.8%) and others or unknown (77 proteins: 24.6%). The lists of transport proteins, cytoskeleton-associated proteins, and trafficking proteins were shown in Table 1 . The total number of proteins found in the ileum BBM fraction was comparable with the number of proteins previously reported in the jejunal BBMV (10) . Proteins identified in both wild-type and Vil2 kd/kd mouse ileum BBM fraction were to be compared. Three independent matched BBM preparations were analyzed. Proteins were considered to be up-regulated in the Vil2 kd/kd mouse when the ratio of their proteins in Vil2 kd/kd /wild-type mice was > 2.0, and downregulated when the ratio was < 0.6, in three of three matched BBM preparations, with the variability of the ratio in the multiple data acquisition being less than 30%. We identified changes (increase or decrease) in abundance of 19 proteins in three of three matched BBM preparations between the wild-type and Vil2 kd/kd mouse ileum as shown in Table 2 with the ratios in Vil2 kd/kd /wild-type mice. These 19 proteins were characterized as 1) transport proteins (4 proteins), 2) cytoskeleton-associated proteins (6 proteins), 3) trafficking proteins (2 proteins), 4) enzymes (3 proteins), and 5) others (4 proteins). Three transport proteins down-regulated in the Vil2 kd/kd mouse were SMCT1 (SLC5A8), transmembrane channel-like protein 4 (TMC4), and chloride intracellular channel protein 5 (CLIC5). SMCT1 is a transporter of lactate, pyruvate and short-chain fatty acids (8, 27) . TMC4, a member of transmembrane channel-like proteins (TMCs), is a putative ion chan-nel or modifier with its physiological function being unknown at present (21) . CLIC5 is a member of putative intracellular chloride channels (CLICs), which is expressed in the apical domains of epithelial cells of small and large intestines, and interacts with the cortical actin cytoskeleton via ezrin (5) . On the other hand, one transport protein up-regulated in the Vil2 kd/kd mouse was a member of ZnT transporter, zinc transporter 10 (SLC30A10) (18) . Recently, its primary function has been shown to be manganese transport (24) . Two cytoskeleton-associated proteins down-regulated in the BBM fraction of Vil2 kd/kd mouse ileum were a PDZ domain-containing scaffold protein, NHERF1, and ezrin itself. On the other hand, four cytoskeleton-associated proteins were up-regulated in the BBM fraction of Vil2 kd/kd mouse ileum. Epithelial cell adhesion molecule (EpCAM) is an actin-binding protein involved in homotypic cell-cell adhesions (3) . INAD-like (INADl) protein is a scaffold protein containing 10 PDZ domains which is expressed at the apical membrane and tight junction of enterocytes (2, 23) . Adseverin is a Ca 2+ -dependent actin filament-severing protein, which is highly expressed in kidney and small intestine, and regulates the actin cytoskeleton architecture by severing and capping Factin strands (25, 34) . Claudin-3 is a tight junction integral membrane protein (29) . Two trafficking proteins up-regulated in the BBM fraction of Vil2 kd/kd mouse ileum were Protein S100-A10 and vesicle-associated membrane protein 8 (VAMP8). Protein S100-A10 is targeted to membranes via a complex formation with annexin A2, and regulates the intracellular trafficking of target proteins to cell surface (32) . VAMP8, a member of vesicular SNARE proteins, is involved in regulated secretion of the entire exocrine system (39) . Three enzymes up-regulated in the BBM fraction of Vil2 kd/kd mouse ileum were putative adenosylhomocysteinase 2, intestinal-type alkaline phosphatase, and glutathione S-transferase A1. Villin-1 49. 14-3-3 protein beta/alpha 50. 14-3-3 protein epsilon 51. 14-3-3 protein eta 52. 14-3-3 protein sigma 53. 14-3-3 protein theta 54. 14-3-3 protein zeta/delta Table1 lower than those of the wild-type. The immunofluorescence study of the ileum showed that NHERF1 was co-localized with ezrin at the apical surface of enterocytes in the wild-type mouse whereas the expression of NHERF1 did not gather on the apical surface of enterocytes in the Vil2 kd/kd mouse (Fig. 5A ). This result suggests that the expression of NHERF1 in the BBM was impaired in the Vil2 kd/kd mice, which is in a good agreement with the previous finding reported in ezrin knockout mice (7) . CLIC5 was also co-localized with ezrin at the apical surface of enterocytes in the wild-type mouse whereas the expression of CLIC5 in the enterocytes was impaired in the Vil2 kd/kd mouse (Fig. 5B) . Simi-
Validation of NHERF1, SMCT1 and CLIC5 downregulation in the BBM fraction of Vil2 kd/kd mice
The MS results showed the down-regulation of NHERF1, SMCT1, TMC4 and CLIC5 in the BBM fraction from the ileum of Vil2 kd/kd mice. Among them the decreased expression levels of NHERF1, SMCT1 and CLIC5 were confirmed by western blotting ( Fig. 4) . Western blot studies for TMC4 could not be performed because there were no good antibodies available. The expression levels of NHERF1, SMCT1 and CLIC5A (an alternative splicing variant of CLIC5 which is expressed in small and large intestines) in the BBM fraction and the total tissue lysate of the Vil2 kd/kd mouse ileum were significantly . 4 The total tissue lysate (5 μg for CLIC5, NHERF1, and β-actin; 10 μg for SMCT1) and BBM fractions (1 μg for NHERF1; 5 μg for CLIC5 and β-actin; 10 μg for SMCT1) prepared from the wild-type and Vil2 kd/kd mouse ileums were examined by western blotting with antibodies against SMCT1, CLIC5, NHERF1 and β-actin, respectively.
DISCUSSION
In this paper we tried to perform proteome analysis of the BBM fraction purified from small intestines. Among the small intestinal segments, the villus number of Vil2 kd/kd mouse jejunum was less than that of wild-type littermate mouse (data no shown). On the other hand, the villus structure and number of Vil2 kd/kd mouse ileum were comparable with those of wild-type. Although the Vil2 kd/kd mouse suffered from achlorhydria, the pH values of intra-intestinal fluid in the ileum were similar between the wild-type and Vil2 kd/kd mice. Therefore, we can rule out the possibility that different intra-intestinal pH affected protein expression on the BBM. Here we focused on the results of proteome analysis of the BBM fraction to compare the expression patterns between the wild-type and Vil2 kd/kd mice. The results were partly confirmed by western blot in combination with immunofluorescence.
Among the down-and up-regulated proteins, we especially focused on the membrane transport proteins and scaffold proteins. A PDZ domain-containing scaffold protein, NHERF1, was down-regulated in the ileum BBM fraction of the Vil2 kd/kd mice. Cell surface expression of NHERF1 in the enterocytes seems to be impaired in the absence of ezrin as shown in the immunofluorescence (Fig. 5A ). This result is in good agreements with the previous finding that the expression of NHERF1 at the cell surface of small intestine was down-regulated in the ezrin knockout (Vil2 −/− ) mice (7) . NHERF1 was reported to be required for organization and stabilization of active phosphorylated ERM proteins at the apical membranes of intestinal and renal epithelial cells (28) . It should be noted that ezrin was identified as one of the down-regulated proteins found in the jejunum BBMV of NHERF1 knockout mice by a previous proteomics study (11) . These results suggest that the interaction between ezrin and NHERF1 should be important for the stable expression of both proteins at the BBM. NHERF1 contains two tandem PDZ domains (PDZ1 and PDZ2), and the ERM protein-binding region, and acts as a scaffold of many proteins. Most of the ligand proteins such as CFTR, Npt2a, and Na + /H + exchanger 3 (NHE3) bind to the PDZ1 domain. The simultaneous association of these membrane transport proteins and ezrin, as an anchoring protein for protein kinase A (13), on the common platform of NHERF1 is very important for physiological regulation of the transport proteins. In fact, association of ezrin and NHE3 or CFTR on the platform of NHERF1 is essential lar studies for SMCT1 could not be performed because there were no good antibodies available for immunofluorescence.
The gene expression levels of NHERF1, SMCT1, TMC4 and CLIC5 in the Vil2 kd/kd mouse ileums were 98%, 80%, 86%, and 80% of those in the wild-type, respectively, from the results by use of SurePrint G3 Mouse Gene Expression Microarray (Agilent). On the other hand, the gene expression levels of ezrin in the Vil2 kd/kd mouse ileums were 11% of those in the wild-type. These results suggest that these genes were not significantly down-regulated by the mRNA expression level. On the other hand, the gene expression level of SLC30A10 in the Vil2 kd/kd mouse ileums was 283% higher than that in the wild-type, suggesting that SLC30A10 was upregulated by the mRNA expression level. knockout mice (35) . Although NHE3 is known to be localized at the BBM of small intestines, it was not identified as a protein in the BBM fraction in the present proteomics analysis as well as the previous analyses of mouse jejunum (10) (11) (12) . The reason why the proteomics analyses failed to identify NHE3 should be studied in the future study.
In the MS analysis, SMCT1, TMC4, and CLIC5 were also down-regulated in the ileum BBM fraction of the Vil2 kd/kd mice. SMCT1 is a Na + -coupled trans-for the cAMP-dependent phosphorylation and regulation of NHE3 and CFTR; the cAMP-dependent phosphorylation of NHE3 results in its inhibition whereas the phosphorylation of CFTR results in its activation (30, 42) . Some of the PDZ domain-containing scaffold proteins including NHERF1 have been suggested to regulate transporters via stabilization of cell surface expression of the transporters (20) . Actually, apical cell surface expression of Npt2a was impaired in the renal proximal tubule of NHERF1 porter for lactate, pyruvate and short-chain fatty acids: acetate, propionate, and butyrate (8, 27) . Mouse and human SMCT1s are also involved in transport of a vitamin, nicotinate (15) . SMCT1 contains a PDZ-binding motif (a sequence of GTRL) at its Cterminus, and interacts with a PDZ domain-containing scaffold protein NHERF3 (1), which can interact with NHERF1 (22) . Therefore, ezrin may affect cell surface expression of SMCT1 indirectly via scaffold proteins, NHERF1 and 3. NHERF3 was also identified as one of the down-regulated proteins in our present analysis of Vil2 kd/kd mice in two of three matched BBM preparations (data not shown). Growth retardation found in the Vil2 kd/kd mice may be at least in part due to impairment of uptake of monocarboxylates including vitamin nicotinate. Our western blot analysis further confirmed the downregulation of SMCT1 in the ileum BBM fraction of the Vil2 kd/kd mice (Fig. 4 ). It should be also pointed out that other membrane transport proteins which contain a PDZ-binding motif at their carboxy terminus; PEPT1 (SLC15A1) and Npt2b (SLC34A2) were down-regulated in the Vil2 kd/kd mice in one or two of three matched BBM preparations (data not shown). CLIC5, a member of putative intracellular chloride channels (CLICs), was also down-regulated in the ileum BBM fraction of the Vil2 kd/kd mice. CLIC5 interacts with the cortical actin cytoskeleton in polarized epithelial cells (4). CLIC-5A which is expressed in small and large intestines as well as stomach, heart, and kidney, is associated with ezrin, and recruits F-actin and other actin-binding proteins (5) . In the renal glomeruli, CLIC-5A is a component of the complex consisting of ezrin and a sialo membrane protein, podocalyxin. It should be noted that the expression of ezrin was down-regulated in the glomeruli of CLIC-5A-deficient mice (41) . Downregulation of CLIC5 was also reported in the jejunum BBMV of NHERF1 knockout mice by a previous proteomics study (11) . On the other hand, we found, for the first time, the down-regulation of SMCT1 and TMC4 in the ileum BBM fraction of the Vil2 kd/kd mice. High mortality and growth retardation of Vil2 kd/kd mice may be explained by cumulative effects of down-regulation of many kinds of transporters in the small intestine.
Besides the membrane transport proteins and scaffold proteins shown above, several cytoskeleton-associated proteins and trafficking proteins were upor down-regulated in the BBM fraction of the ileum in the Vil2 kd/kd mice. Among them it should be noted that an actin filament-severing protein, adseverin, was up-regulated at the BBM fraction of the ileum in the Vil2 kd/kd mice. The absence of actin-binding protein ezrin may promote changes in actin cytoskeleton architecture. It should be interesting that Protein S100-A10 was up-regulated at the BBM fraction of the ileum in the Vil2 kd/kd mice. The up-regulation of Protein S100-A10 may compensate the function of ezrin to target proteins to cell surface. Future studies are necessary to clarify the molecular mechanisms for their up-and down-regulation in the BBM.
In conclusion, we performed the comprehensive analysis of the BBM of mouse ileum by proteomics study, and for the first time, found that NHERF1, SMCT1, TMC4, and CLIC5 were down-regulated at the BBM of the ileum in the Vil2 kd/kd mice.
